A new Early Triassic marine fauna is described from the Central Oman Mountains. The fauna is Griesbachian in age, on the basis of abundant conodonts and ammonoids, and was deposited in an oxygenated seamount setting off the Arabian platform margin. It is the first Griesbachian assemblage from a well-oxygenated marine setting and thus provides a test for the hypothesis that widespread anoxia prevented rapid recovery. The earliest Griesbachian (parvus zone) contains a low-diversity benthic fauna dominated by the bivalves Promyalina and Claraia. A similar level of recovery characterizes the immediate postextinction interval worldwide. However, the middle upper Griesbachian sedimentary rocks (isarcica and carinata zones) contain an incredibly diverse benthic fauna of bivalves, gastropods, articulate brachiopods, a new undescribed crinoid, echinoids, and ostracods. This fauna is more diverse and ecologically complex than the typical middle to late Griesbachian faunas described from oxygen-restricted settings worldwide. The level of postextinction recovery observed in the Oman fauna is not recorded elsewhere until the Spathian. These data support the hypothesis that the apparent delay in recovery after the end-Permian extinction event was due to widespread and prolonged benthic oxygen restriction: in the absence of anoxia, marine recovery is much faster.
INTRODUCTION
The Permian-Triassic interval witnessed the most severe biotic crisis of the Phanerozoic. In the past decade the discovery and description of many new sections around the world have fueled vigorous debate concerning potential causes. However, the postextinction recovery interval, a crucial time in the evolution of the biosphere, has received far less attention (Erwin, 2001) .
The post-Permian recovery is the longest recovery interval of the Phanerozoic, and is far greater than would be expected from the extinction magnitude (Erwin, 1993, p. 263) . The reasons for this are debated. It may be a consequence of severe ecological disruption: Droser et al. (2000) demonstrated that, for the Late Ordovician and Late Devonian events, the scale of the ecological crisis has a greater influence on the subsequent recovery than the magnitude of diversity loss alone. Alternatively, the presence of harsh environmental conditionsspecifically, prolonged and widespread marine anoxia-has also been proposed as a cause for the delayed post-Permian recovery (e.g., Hallam, 1991) . This hypothesis has not been scientifically tested because no fossil fauna from a normally oxygenated environment of the immediate extinction aftermath has previously been recorded. Herein we describe the first such fauna.
QUANTIFYING RECOVERY
Quantifying biotic recovery is not straightforward (Erwin, 1998 (Erwin, , 2001 . Approaches based on simply counting taxa face the obvious problems related to fossil preservation. Also, an increase in diversity does not necessarily equate with an increase in the level of recovery. In individual sections, ␣ diversity may actually peak in the immediate extinction aftermath, driven by the rapid appearance of numerous, short-lived, pioneering species (Looy et al., 2001) . A similar pattern is observed after modern-day marine defaunation events, where local species diversity peaks before the final reestablishment of a stable, recovered community (e.g., Lu and Wu, 2000) .
Ecological approaches may be better, especially given the importance of ecological disturbance in determining the long-term impact of an extinction event on the global biosphere (Droser et al., 2000) . The reestablishment of metazoan reefs-ecologically complex structureshas been used to indicate final stages of global marine recovery (e.g., Erwin, 1998) . However, on a local scale, this criterion can only be applied to localities within the paleo-reef belt. Tiering (sensu Ausich and Bottjer, 1982) is also a measure of ecological complexity and was dramatically reduced after the end-Permian extinction event. Reestablishment of tiering is another means of quantifying biotic recovery (Twitchett, 1999) and could be applied to all regions. Other parameters, such as organism size and the dominance and evenness of fossil assemblages, are also potentially useful, as they would be expected to change as pioneering organisms of the immediate extinction aftermath give way to climax communities.
Currently, the best documented Early Triassic recovery faunas are those of the western United States (e.g., Schubert and Bottjer, 1995) and northern Italy (e.g., Twitchett, 1999; Twitchett and Wignall, 1996) . Both of these regions were in low paleolatitudes during the Early Triassic, but on opposite sides of Pangea (Fig. 1) , and both were affected by marine anoxia during the immediate aftermath of the PermianTriassic extinction event. By using a combination of the above-mentioned methods, four stages of recovery can be determined for these localities (Table 1) . There is a lack of recovery (maximum stage 1) for at least the duration of the Griesbachian-the 1-3 m.y. ''survival in- Epifauna: increase in diversity (assemblages often Ͼ10 taxa); appearance of higher-tier organisms (e.g., crinoids). Infauna: increase in diversity and size; return of infaunal crustaceans (indicated by, e.g., Rhizocorallium, Thalassinoides burrows). 4
Epifauna: return to preextinction body sizes; high-diversity-lowdominance assemblages; return of highest-tier organisms; reestablishment of metazoan reefs. Infauna: return to preextinction body size; high-diversity-low-dominance assemblages; return of deepest-tier organisms; burrows commonly exceed 20 mm in diameter. terval'' of Erwin (1998) -that is typical of post-Permian communities worldwide (Hallam and Wignall, 1997) .
With definitions of recovery stages established, the predictions of Hallam's (1991) hypothesis can now be tested. The null hypothesis is that the level of ecological recovery in oxygenated marine settings of Griesbachian age is no different from the level of recovery in areas affected by low oxygen conditions (i.e., recovery stage 1).
GEOLOGIC SETTING
The new Griesbachian fauna derives from the Al Jil Formation of Wadi Wasit, in the Central Oman Mountains ϳ65 km south-southwest of Muscat (Fig. 2) . Further details of the tectonic setting can be found in Krystyn et al. (2003) . The fauna occurs within a large (200 m 3 ) block of bivalve-bearing limestone (the Wasit block) that forms a single clast within a 30-m-thick breccia of Dienerian age. The Al Jil Formation breccias are interpreted as channelized debris-flow deposits (Blendinger, 1988; Pillevuit et al., 1997) and contain Guadalupian reef blocks and Lower Triassic mollusk-bearing limestone blocks, which originally formed on seamounts. Krystyn et al. (2003) divided the Wasit block into four lithologic units (Fig. 2) . The basal Reef Limestone unit contains the conodont Mesogondolella and is therefore Guadalupian in age. No Upper Permian units are preserved, and a thin clay horizon separates the Reef Limestone from the overlying Coquina Limestone and Bioclastic Limestone units. These latter units are Griesbachian in age, on the basis of both conodont and ammonoid biostratigraphy (Fig. 2) . Three conodont zones are recognized (Krystyn et al., 2003) . The lowest zone is dominated by Hindeodus parvus and corresponds to the basal (parvus) zone of the Triassic. The first appearance datum (FAD) of Isarcicella staeschei defines the base of the next zone, which is correlated with the middle Griesbachian I. isarcica zone. The FAD of H. sosioensis defines the base of the next zone, which corresponds to the late Griesbachian Clarkina carinata zone. The uppermost Marly Limestone unit contains Neospathodus kummeli, indicative of an earliest Dienerian age.
STRATIGRAPHY
Ammonoids are also common in the Bioclastic Limestone and two zones are recognized: first, the Ophiceras tibeticum zone, represented by an evolute Ophiceras species (cf. O. connectens Schindewolf) and Ophiceras cf. sakuntula Diener, and second, a zone that corresponds to the so-called ''unnamed interval'' of Orchard and Krystyn (1998) , characterized by a diverse fauna with an intermediate ophiceratidgyronitid morphology, together with the last true ophiceratid Discophiceras.
EARLIEST TRIASSIC FAUNA
In addition to the ammonoids and conodonts, the Wasit block also contains an abundant and diverse benthic invertebrate fauna. The bivalves Claraia and Promyalina dominate the grainstones of the parvus zone, with one or two very rare, small, unidentified gastropod taxa. Diversity is low, and dominance is high. Diversity increases dramatically within the Bioclastic Limestone (isarcica and carinata zones) (Fig. 2) . The macrofauna is dominated by large, disarticulated Claraia valves in the coarser (matrix poor) beds, whereas disarticulated crinoid ossicles dominate in the finer parts of the unit. However, as thousands of ossicles may come from a single individual crinoid, it is not possible to be certain that these animals dominated the living community. The crinoid ossicles represent a new Early Triassic taxon, possibly related to the Triassic Dadocrinidae (Tatsuo Oji, 2002, personal commun.).
The articulate brachiopod Crurithyris? extima Grant is common in the Bioclastic Limestone unit, and an undescribed rhynchonellid is also present. Toward the top of the unit, rhynchonellid abundance locally increases to 50%-60% of the total fauna. Both brachiopod taxa are small (mean size Ͻ1 cm). Crurithyris is a common holdover taxon in basal Triassic assemblages worldwide (e.g., Broglio Loriga et al., 1986; Kummel and Teichert, 1966) , although usually at much lower abundances than recorded here. Rhynchonellids are extremely rare in the Griesbachian (Chen et al., 2002) , and this unnamed taxon from the Wasit block is one of the oldest Triassic examples known.
Gastropods are also a common element of the benthos, although preservation is variable. Common genera include Chartronella, Ananias, Naticopsis, Omphaloptychia, and Coelostylina; rare specimens of taxa such as Bellerophon are also present. There are 11 gastropod genera recorded in the limestones of the isarcica and carinata zones (Fig.  2) . Several of these taxa are noticeably larger than the microgastropods usually found in more typical Griesbachian assemblages. Coelostylina individuals regularly exceed 10 mm in height, and Naticopsis may reach 25 mm. The mean size of Bellerophon is 6.9 mm, compared with just 4.6 mm in the Griesbachian of northern Italy.
Other faunal elements are disarticulated and often fragmented and have only been observed in thin section. These include echinoid spines and ostracods. The fauna of the Bioclastic Limestone unit is more diverse than any other Griesbachian assemblage described to date. Microfacies analysis and taphonomic studies of the fauna confirm that the Griesbachian limestones of the Wasit block were deposited under shallow, storm-winnowed, well-oxygenated conditions (Krystyn et al., 2003) .
RATE OF RECOVERY
Although the mass-extinction horizon is not recorded in the Wasit block, due to nondeposition during the latest Permian, the Early Triassic assemblage clearly represents a postextinction (i.e., recovery) fauna. The diverse taxa of the underlying Guadalupian limestones have disappeared, and no bryozoans, sponges, corals, or brachiopods of typical Permian aspect are present in the Triassic strata. The bioclastic grainstones and packstones do not preserve any identifiable burrows, and so the recovery stages represented in the Wasit block (Table 1) are determined from shelly fossil evidence alone.
The parvus zone Coquina Limestone contains just the bivalves Claraia and Promyalina, with rare unidentified gastropods, in a lowdiversity, high-dominance benthic community clearly referable to recovery stage 1. This assemblage is very similar to other basal Triassic (parvus zone) assemblages recorded elsewhere (e.g., Schubert and Bottjer, 1995; Twitchett, 1999;  Fig. 3 ). In the absence of evidence for environmental stress, this fauna is interpreted as a pioneering, lowcomplexity paleocommunity of opportunists, colonizing the deserted wasteland of the immediate postextinction aftermath.
In contrast, the fauna from the isarcica and carinata zones is much more diverse, with at least 15 epifaunal genera. The presence of crinoids indicates recovery stage 3 (Table 1 ) and a level of ecological complexity that is not recorded elsewhere until the Spathian, ϳ5 m.y. later (Fig. 3) . Mean dominance (D) of the Bioclastic Limestone assemblage is just 0.24, which is much lower than the D of assemblages from the Griesbachian Dinwoody Formation of the western United States (D ϭ 0.53), calculated from data in Schubert and Bottjer (1995) . It is more similar to, though still lower than, the D of the Spathian age Virgin Limestone (D ϭ 0.36) or upper Thaynes Formation (D ϭ 0.37) samples of Schubert and Bottjer (1995) . Increase in body size is another characteristic of the later episodes of recovery (Twitchett, 1999 ; Table 1 ), and several of the Oman taxa (e.g., Claraia, Bellerophon, and Naticopsis) are also much larger than middle-late Griesbachian examples from elsewhere. The presence of rhynchonellids may also be an indicator of significant recovery (cf. Chen et al., 2002) and they do not appear in the western United States until the Spathian (Schubert and Bottjer, 1995) .
Thus, the null hypothesis can be rejected. The presence of benthic anoxia slows the rate of postextinction recovery. In oxygenated environments, the initial low-diversity community (recovery stage 1) lasts for, at most, one conodont zone (ϳ10 5 yr) before diversity and ecological complexity rapidly recover (to recovery stage 3). Unfortunately, in Oman, the oxygenated conditions of the Griesbachian are replaced by marine anoxia at the beginning of the Dienerian, wiping out the benthic fauna and preventing further recovery (Fig. 3) .
Is this simply a local phenomenon? Analysis of the extent and duration of Permian-Triassic anoxia indicates that the shallowestmarine environments throughout Neotethys were well oxygenated for most of the Griesbachian (Wignall and Twitchett, 2002) . Thus, rapidly recovered Griesbachian faunas should occur elsewhere. Reports of crinoids, Crurithyris, unidentified rhynchonellids, echinoids, and other taxa in the Griesbachian Kathwai Member (Mianwali Formation) of the Salt Ranges, Pakistan (e.g., Kummel and Teichert, 1970; Wignall et al., 1996) , suggest levels of ecological recovery similar to those of the upper Wasit block (i.e., recovery stage 3). Unfortunately, extensive dolomitization of the Kathwai Member has prevented detailed analysis. The Salt Range recovery fauna also disappeared with the later onset of benthic anoxia (in the late Griesbachian).
OTHER IMPLICATIONS
These data also have implications for a debate concerning the relative timing of marine extinction. Wignall and Hallam (1993) argued that extinction of the marine benthos was coincident with the onset of anoxia and, because anoxia appears at different times in different regions, the extinction was also diachronous (see also Wignall et al., 1996; Hallam and Wignall, 1997, p. 122) . Neotethys is key to this debate as it is the only region known with a much later (late Griesbachian rather than latest Permian) onset of shallow-marine anoxia (e.g., Wignall and Twitchett, 2002) . If the Wignall and Hallam (1993) hypothesis is correct, then Griesbachian rocks from localities in Neotethys should contain an abundant preextinction fauna of typical Late Permian aspect.
Recent data from Tibet (Wignall and Newton, 2003) , which supposedly support a later Griesbachian mass extinction, were soundly criticized by Retallack (2004) for comprising just a few genera of longranging, nonfusulinid foraminifera. Our data support Retallack's view that the Late Permian mass extinction was essentially synchronous globally (a Changhsingian event). The Griesbachian assemblage from Oman, described here, is clearly a postextinction fauna. Likewise, the Griesbachian assemblage of the Kathwai Member (Mianwali Formation) of the Salt Ranges is herein interpreted as a postextinction, rapidrecovery fauna. It is this recovery fauna (not a typical Permian assemblage) that disappears with the later onset of anoxia. If this new interpretation is correct, then there are no known Griesbachian fossil assemblages supporting the Wignall and Hallam (1993) hypothesis, and it should be rejected.
SUMMARY
The fossil assemblage from Wadi Wasit is the most diverse and ecologically complex Griesbachian fauna described to date. The community was living under well-oxygenated shallow-marine conditions and displays a level of postextinction recovery that is not recorded outside Neotethys until the Spathian. These data support the hypothesis that the duration of the marine recovery interval after the end-Permian extinction event is due to the extent and duration of Permian-Triassic oceanic anoxia: in the absence of benthic anoxia, recovery can be an order of magnitude faster.
